INTRODUCTION
In Japan, asparagus is produced throughout the year, except in November (Benson, 2008) , using three cultivation methods: open field, semi-forced mother fern culture, and "Fusekomi" forced culture. "Fusekomi" forced culture is conducted during the winter and the production area for this method is increasing in the northern part of Japan (Jishi et al., 2012) . This method was developed during the 1960s in Gunma Prefecture (Gunma Prefecture Vegetable Technology Workshop, 1992) . Asparagus seeds are sown from January to February, and seedlings are raised in the nursery until March or April. Seedlings are then planted in open fields. The seedlings are subsequently removed by digging from open fields and planting densely in the greenhouses with a heating system. Spears can be harvested in the winter for two to three months (Koizumi et al., 2002) . "Fusekomi" forced culture is different from other methods in that plants are removed in the autumn.
Asparagus is a perennial plant that enters a dormant period in the autumn (Hayashi and Hiraoka, 1978; Hayashi and Hiraoka, 1983; Haruyama et al., 1985; Kobayashi and Shinsu, 1990; Yamaguchi, 2012; Koizumi et al., 2013) . Thus, it is necessary to break dormancy to begin spear germination in "Fusekomi" forced cultures. To break dormancy, a suitable severity and period of chilling are necessary (Hayashi and Hiraoka, 1983) . In Japanese markets, the price of asparagus is relatively higher in December than in January. Therefore, the earlier breaking of dormancy enables earlier digging up and planting, which leads to an earlier harvest and increased income. Therefore, it is very important to maintain chilling temperatures for breaking dormancy in "Fusekomi" forced cultures because this method requires chilling temperatures. Therefore, it is suitable for cold northern areas of Japan such as Tohoku and Hokkaido. However, recent climatic instability, particularly warm autumn temperatures, has reduced yields by delaying the chilling temperature period.
Conversely, Hayashi and Hiraoka (1978) have indicated that, even if asparagus is in dormancy, bud breaking occurs at temperatures over 23.0°C ('California 500W'). Matsubara (1980) also reported that the dormancy of asparagus is broken by high-temperatures.
When breaking dormancy by chilling temperature, asparagus germination continues at the assigned temperature following the chilling treatment period. Furthermore, experimental results suggest that germination continues under high-temperature treatments. If the dormancy of asparagus can be broken by high-temperature treatments, then the germination of spears should continue after high-temperature treatments. However, reports did not clarify whether high temperatures actually break dormancy.
If the autumn dormancy of asparagus can be broken early using, this breakthrough technique may allow the harvest of asparagus in November with "Fusekomi" forced cultures.
Thus, the objective of this study was to clarify the effects of high temperatures on the early breaking of dormancy in asparagus using 'Welcome' (Sakata Seed Ltd., Vol. 53 Yokohama, Japan), which is the most popular variety for "Fusekomi" forced culture.
MATERIALS AND METHODS

High-temperature treatments for breaking dormancy
Seeds of 'Welcome' were sown in 200-cell trays filled with Soil Friend artificial soil mix (Sanken-Soil Co., Ltd., Hachimantai, Iwate, Japan) on January 28, 2010. On February 5, 2010, all seedlings were transplanted to 9-cm black plastic pots containing the same soil mix and were placed in a greenhouse at the Iwate Agricultural Research Center. In our preliminary study using 'Welcome' plants, dormancy was induced at 16.0°C and maintained for a long time at 8.0°C (Yamaguchi et al., 2009; Yamaguchi et al., 2010) . Therefore, the temperature of the greenhouse was controlled at 12.0°C or greater so that dormancy would be normally induced, and so the plants would remain dormant. The average, lowest, and highest temperatures during this period were 16.4°C, 12.0°C, and 25.0°C, respectively. To confirm that the plants were dormant, all ferns were removed on December 3, 2010. No new spears were observed after one month of irrigation, confirming that dormancy was well maintained. On January 20, 2011, the dormant plants were placed in fixed temperature incubators (FLI-301NH, EYELA Ltd., Tokyo, Japan and BIOTRON NC350, NK System Ltd., Tokyo, Japan) at 20.0°C, 22.0°C , 24.0°C, 26.0°C, and 28.0°C. Root dry weight was measured for 10 plants, and a total of 120 plants were placed in five incubators, with each incubator receiving 24 plants. The number of spears was counted every day at the end of the treatment on February 10, 2011.
Effects of high temperatures on the continuation of growth Dormant plants were prepared as described above. The experiment was conducted from February 9 to April 9, 2011. On February 9, 144 plants were divided into two groups and then placed into two incubators at either 28.0°C (high-temperature treatment plot; Nae-pit, Mitsubishi Agriculture Ltd., Tokyo, Japan) or 5.0°C (chillingtemperature treatment plot; MCU1000, Sanyo Ltd., Tokyo, Japan). After 2, 4, 8, 12, 15, and 20 d of high or chilling temperature treatments, 24 plants were removed from each incubator. After removal, all the growing spears were removed for observation of spear emergence, and the plants were then transferred to the greenhouse under the same conditions described above. The average temperature of the greenhouse was 18.2°C, and the lowest and highest temperatures were 12.0°C and 27.0°C, respectively. An additional 24 plants were grown in the greenhouse with no temperature treatment as an untreated control. The number of germinating spears was counted daily.
RESULTS AND DISCUSSION
High temperature requirements for breaking dormancy
The average root dry weight was 4.48 0.90 (SD) per plant. 'Welcome' seedlings younger than 95 d old do not acquire the sensitivity for dormancy (Yamaguchi and Maeda, 2013) . All plants that were used in this experiment were over 95 d old; therefore, these plants had the sensitivity for dormancy.
Spear germination was observed after 10 d under 26.0°C and after 7 d under 28.0°C, whereas no spear emergence was found at 20.0°C, 22.0°C, or 24.0°C, even 21 d after the start of temperature treatments (Fig. 1) . The plants that broke dormancy via chilling temperatures germinated after 10 d (Yamaguchi et al., 2010) . Plants treated at 20.0°C, 22.0°C, and 24.0°C did not germinate after 21 d, so these plants remained dormant.
The day of spear emergence and the number of spears differed between the 26.0°C and 28.0°C treatments. Plants treated at 28.0°C emerged earlier and germinated more spears than did plants treated at 26.0°C (Fig. 1) . Spear elongation also seemed to increase in accordance with temperature, and a similar result was reported by Culpepper and Moon (1939) . These results suggest that, despite not experiencing a low or chilling temperature period, 'Welcome' plants resumed spear growth at 26.0°C and 28.0°C
, and the lower limit for the resumption of spear growth falls between 24.0°C and 26.0°C. This finding confirms the results of Okuda et al. (2005) who found that spear growth resumed at 25.0°C in rootstocks of 'Welcome'. Although 25.0°C is a suitable temperature for asparagus elongation, the dormancy status of plants at this temperature is not clear. Because we used dormant plants, our experiment clearly shows that spear germination occurred at 26.0°C and 28.0°C.
Effect of high temperatures on the continuation of growth
If dormancy is broken, new spears are expected to germinate at the average greenhouse temperature of 18.2°C. Almost no new growth occurred in the untreated control plants, demonstrating that they were still dormant. After treatment at 28.0°C for 2 d, the results were similar to those of the untreated control, and barely any spear germination was observed. In contrast, obvious new spear germination was observed after treatment for 4, 8, 12, 15, and 20 d. The number of germinated spears was greater than that in the untreated controls or plants treated for 2 d. Additionally, spear growth continued after the high-temperature Environ. Control Biol. treatment concluded (Fig. 2) . These results suggested that the dormancy of 'Welcome' plants was broken by the hightemperature treatment (28.0°C) over a relatively short period of approximately 4 d. However, the numbers of new germinating spears from the rootstocks treated for 15 and 20 d were low (Fig. 2) . These rootstocks were considered to spent the sugar of the roots at high-temperature treatment period. Spear production during the high-temperature treatment may have exhausted the ability of the rootstocks to produce further spears before their transfer to the greenhouse. When the plants were treated with the natural dormancy-breaking temperature of 5.0°C, no evidence of dormancy breaking was observed after 2, 4, or 8 d, and spear emergence was observed after 12, 15, and 20 d at 5.0°C. The length of treatment required for the resumption of spear growth was longer at 5.0°C than at 28.0°C (Fig. 3) . These results indicate that high temperatures such as 28.0°C could break asparagus dormancy within a shorter period than chilling temperatures (5.0°C). Therefore, the high temperature is more efficient for breaking the dormancy of asparagus. Many plants naturally induce dormancy in the period from autumn to winter due to short day lengths and low temperatures, and a chilling period is then required to break the dormancy (Hasegawa and Tsuboi, 1960) . However, dormancy can also be broken by high temperatures in seeds (Nakamura and Sato, 1965) , bulbs (Yazawa, 1976) , and tubers (Park et al., 2003) . Therefore, ample evidence suggests that dormancy in garden plants can naturally be broken by both high and low temperatures (Tamura et al., 1993; Tohbe et al., 1998) . Horiuchi (1977) showed that the dormancy of 'Delaware' grape buds was broken by exposure to temperatures between 37.0°C and 47.0°C for 24 48 h. The number of days between the end of treatment and the beginning of new bud growth decreased as the temperature and length of treatment increased.
Furthermore, Orffer and Goussard (1980) showed that the dormancy of grape buds was broken by exposure to hot water at 50.0°C for only 30 min. The experimental conditions of this study used higher temperatures and shorter periods than our experiment.
In asparagus, higher temperatures may be more effective for breaking dormancy. However, high-temperature treatments would require higher energy costs in the late autumn season for "Fusekomi" forced cultures. Additionally, the germination time after high-temperature treatments in 'Delaware' grape buds was faster than that in the non-treatment 'Delaware' grape buds (Tohbe et al., 1998) . In our study, hightemperature treated plants germinated 3-d after treatment, and chilling-temperature treated plants germinated 15-d after treatment. In other words, the germination was immediate in plants that broke dormancy after high-temperature treatments. Therefore, we suggest that the high temperature facilitated the elongation of asparagus buds after dormancy was broken via high-temperature treatments. Moreover, the dormancy-breaking phenomenon and the growth of spears may have occurred simultaneously.
In agreement with previous studies, our experiments showed that the dormancy of asparagus could be broken by high temperature treatments. Further studies on the optimum degree and period of high-temperature treatments required for breaking the dormancy of asparagus are required. "Fusekomi" forced culture systems for asparagus usually require specialized installations of electric heating wires or hot water pipes under the rootstocks. Usually, these heating devices are set on the floor of the system. Thus, the application of short-term, high-temperature treatment for breaking dormancy could easily be conducted. The quality of asparagus spears is known to depend on temperature (Kim et al., 1989) , and the depth of dormancy also differs among varieties (Koizumi et al., 2002) . Therefore, to determine how best to practically break dormancy in a "Fusekomi" forced culture, we must not only determine the best cultivation method for the plants, but also the most suitable temperature and period of high-temperature treatments, and gain understanding of how treatments should vary between cultivars.
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